The traditional medicine Ginseng mainly including Panax ginseng and Panax quinquefolius is the most widely consumed herbal product in the world. Despite the extensive investigation of biosynthetic pathway of the active compounds ginsenosides, our current understanding of the metabolic interlink between ginsenosides synthesis and primary metabolism at the whole-plant level. In this study, the tissue-specific profiling of primary and the secondary metabolites in two different species of ginseng were investigated by gas chromatography-and liquid chromatography coupled to mass spectrometry. A complex continuous coordination of primary-and secondary-metabolic network was modulated by tissues and species factors during growth. The results showed that altogether 149 primary compounds and 10 ginsenosides were identified from main roots, lateral roots, stems, petioles and leaves in P. ginseng and P. quinquefolius. The partial least squares-discriminate analysis (PLS-DA) revealed obvious compounds distinction among tissue-specific districts relative to species. To survey the dedication of carbon and nitrogen metabolism in different tissues to the accumulation of ginsenosides, we inspected the tissue-specific metabolic changes. Our study testified that the ginsenosides content was dependent on main roots and lateral roots energy metabolism, whereas independent of leaves and petiole photosynthesis during ginsenosides accumulation. When tow species were compared, the results indicated that high rates of C assimilation to C accumulation are closely associated with ginsenosides accumulation in P. ginseng main roots and P. quinquefolius lateral roots, respectively. Taken together, our results suggest that tissue-specific metabolites profiling dynamically changed in process of ginsenosides biosynthesis, which may offer a new train of thoughts to the mechanisms of the ginsenosides biosynthesis at the metabolite level.
Introduction
Ginseng is a traditional medicinal herb with a long history of cultivation, which is commonly correlative with the roots of several species belong to genus Panax of the family Araliaceae [1] . Main economic value ginsenosides originated from Panax ginseng (Asian ginseng), Panax notoginseng (Chinese ginseng) and Panax quinquefolius (American ginseng) [2] . Its correlation as a medicinal plant is emphasized by the recent come out with the transcriptome analysis of different tissues of P. notoginseng and P. ginseng on different tissues to exposit key views in the regulation of ginsenosides biosynthesis.
The biosynthesis of ginsenosides is influenced by the plant species, the age, the growth, the tissues and the preservation methods, which belong to biological and environmental factors [7] . It has been proved that most of the ginseng tissues, such as root, lateral root, stem, leaf and petiole can accumulate ginsenosides even though differential tissues have different amounts and types of ginsenosides [8] . Interestingly, within both P. ginseng and P. quinquefolius during growth stage, roots or lateral roots of older ginseng storage a large quantity of ginsenosides (Rb1), but the aboveground tissues (leaves) synthesize maximum ginsenosides amount at young ginseng [9] . Moreover, the green leaves at younger roots, ginsenoside accumulation level of leaves clearly accumulated. Oppositely, those in the roots decreased, indicating the transport or accumulation during each year of growth [10] . Ginsenosides are major synthesized using the precursor supplied by two convergent pathways of the mevalonic acid pathway (MVA) and methylerythritol phosphate (MEP) pathway. These two pathways were synthesized from acetyl-CoA to form 3-hydroxy-3-methylglutaryl-CoA and pyruvate, respectively [11] . At the whole plant level, carbon/nitrogen-balance depend on regulation of primary compounds, and thus also immediately influences plant yield and physical form [12] . These pathways located at the early biosynthetic stage provides varieties of precursors for secondary metabolites, such as aromatic amino acids tyrosine, tryptophan and phenylalanine [13] . In addition, relative endogenous pools of C-rich or N-rich primary metabolites seem to have a specific correlation with the levels of C-or N-rich secondary metabolites [14] . Although studies have partly revealed the mechanism of ginsenosides accumulation and distribution [7] , the precise link between primary metabolites and ginsenoside accumulation remains largely unknown. The solution for this question is necessary due to the essential roles of ginsenosides as medicinal compounds. It is foreseeable that the modulation of metabolic kinetics at the correlation of primary compounds and ginsenosides accumulation markedly influences the entire plant metabolism composition within P. ginseng and P. quinquefolius.
Recently, the arrival of 'omics' approaches have been widely used in modern biology. Metabolomics is one of the last additions to the 'omics' wave, which has been used to unravel the complex the primary and secondary metabolites fluctuations of whole plant and the comprehensive metabolite network flux associated with various plant species and tissues-specific [15] . GC-MS and LC-MS as two major techniques have been widely employed in metabolomics research [16] . The method of GC-MS contains power capacities of high reproducibility, dynamic range and universal mass spectral library for compounds with small molecular weight [17] . The reference pool of GC-MS for lots of primary metabolites, such as sugars, organic acids, fatty acids and amino acids, has been established [18] . In contrast, LC-MS covers large hydrophobic metabolites predominant in secondary compounds such as alkaloids, terpenoids and phenols [19] . Recently, these two methods were jointly adopted to allow both comprehensive overview and detailed analysis of critical components of metabolic changes in plants [20] . For example, it was used to profile compounds in different structural tissues in Zingiber species [21] and metabolites across six stages of two species, Cabernet Sauvignon and Merlot [22] . The metabolic networks during final ripening process in melon fruit (Cucumis melo) was clearly revealed by comparing global patterns of coordinated compositional changes of primary and secondary metabolism [23] .
In this report, we followed the interests of the interactive links between ginsenosides alterations and primary metabolites under tissue-and species-specific control in P. ginseng and P. quinquefolius. To achieve the goal, we performed a comparative non-targeted and targeted metabolic analysis using an LC-and GC-MS technology of five types of tissues in both Panax species. Multivariate analysis was employed to integrate and extract the data. Simultaneously, comparing the data immediately through relative abundance of single metabolites, a more completed point based on compound-compound correlations by using a network mode. Results not only display a complex interaction between upstream compounds and ginsenosides in the field of metabolome, but also record a baseline data set of P. ginseng and P. quinquefolius for future studies as well.
Materials and methods

Reagents and standards
Methanol and acetonitrile were purchased from J & K Scientific (Beijing, China). Water was doubly deionized with a Milli-Q (Millipore, Bedford, MA, USA) water purification system. A total of ten standards of ginsenosides were purchased from Beijing Science and Technology (Beijing, China), including Rg1, Rh1, Re, Rd, Rf, Rh2, Rb1, Rb2, Rc and Rg3. The standard stock solutions were dissolved with methanol, respectively, and stored at −20 • C. Standard solutions of ginsenosides were prepared just before use by mixing 10 compound stock solutions and diluting with methanol to these mixtures.
Plant material
Two species of the genus Panax from the family Araliaceae (P. ginseng and P. quinquefolius) at five years old were collected from a field belonging to the Northeast of China (42 • 01 -43 • 24 N, 127 • 48 -129 • 11 E)-Changbai Mountain. According to their developmental stage, collected whole plants were separated into five different tissues including main roots, lateral roots, stems, petioles and leaves. Each tissue is made up around six biological replicate samples for each species. All the samples were harvested at 9:00 and 11:00 on 15 August 2015. Samples were carefully washed, frozen (liquid N 2 ), then stored at −80 • C until the GC-and LC-MS analysis. The aim of metabolites analysis and metabolic network drawn, we decided to focus on 5 tissues as reference views and compare them to each other within P. ginseng and P. quinquefolius studied.
GC-MS analysis of primary metabolites
In brief, 60 mg of each ginseng sample was transferred to 1.5 mL tube. Metabolites were extracted with 360 L methanol (pre-cooled at −20 • C) and 40 L internal standard (2-l-chlorophenylalanine), followed by vortexing for 2 min, then sonication for 30 min, after the addition of 200 L of cholorform with 400 L of water, again sonication in 30 min. Subsequently, the tubes were centrifuged at 14,000 rpm at 4 • C (10 min). The supernatant was collected in derivatized glass bottle, evaporated to dryness. A derivatization method oximation reaction was performed to increase the volatility of metabolites. The dried residue was redissolved in 80 L methoxyamine pyridine solution (15 mg/mL) and incubated at 37 • C (90 min). Subsequently, an 80 L aliquot of Bis (trimethylsilyl) trifluoroacetamide N, O (including 1% Trimethylcholorosilane) and 20 L were added to the mixture, vortexing 2 min, which were then derivatized for 60 min in a 70 • C. Prior to injection, the solution was centrifuged (12,000 rpm, 4 • C and 5 min), then remove precipitates, and the supernatant was gleaned in a glass vial for injection, all these solutions were analyzed by GC/MS. GC-MS data were obtained using the Agilent 7890A-5975C (Agilent, USA) and a non-polar DB-5 capillary column (30 m × 250 m I.D., J&W Scientific, Folsom, CA). The initial GC temperature was 60 • C, followed by 8 • C per minute oven temperature ramps to 125 • C, 4 • C/min to 210 • C, 5 • C/min to 270 • C, and 10 • C/min to 305 • C, which was held for 3 min. The electron impact (EI) ion source was kept at 260 • C, filament bias: −70 V, and the mass range was 50-600 m/z, data acquisition rate was 20 spectrum/second in the MS setting.
LC-MS analysis of secondary metabolites
1.0 g of Panax ginseng tissues were accurately weighed and subjected to Soxhlet extraction in water-saturated n-butanol (60 mL). In the next day, the extract solution was filtered and washed with 2% NaOH solution (20 mL). The upper liquor was combined and evaporated to dryness, and diluted to the desired volume with methanol. Following centrifugation at 10,000g for 15 min, the extracts were absorbed through a 0.45 m filter for UPLC.
Ginsenosides were separated on UPLC system (Waters corporation, Japan) couple to a LC-20AD pump, SIL-20A autosampler (Waters corporation, Japan), and through a phase column (ACQUITY UPLC BEH C 18 Column 1.7 m, 2.1 mm × 50 mm). Gradient is composed of A (water) and B (aetonitrile). A constant flow rate of 0.25 mL/min was used with the following optimized gradient: 30% B (0-4.5 min), 30%-60% B (4.5-6 min), 60%-90%B (6-6.5 min), 90% B (6.5-7.5 min), 90%-30% B (7.5-8 min), 30% B (8-10 min). Tandem mass spectrometric detection was performed on a QTRAP 5500 Ion trap mass spectrometer (AB SCIEX, USA) equipped with electrospray ionization (ESI) source. All data were acquired in the positive ion mode. The ion spray voltage and turbo spray temperature were -5500 V and -500 • C, respectively. Data acquisition was created using Analyst 1.4.2 software version (AB SCIEX, Concord, Ontario, Canada).
Statistical analysis
GC-MS raw data were transformed into CDF format with data analysis software (Agilent GC-MS 5975) and were later processed by the XCMS. Each compound was displayed as peak area normalized to the internal standard. For further analysis, the XCMS output was treated were exported to Microsoft Excel, then normalized data were performed using SIMCA-P version 11.0 software (Umetrics, Umea, Sweden) for multivariate statistical analysis. Supervised method partial least squares discriminant analysis (PLS-DA) was employed to compare the differences between P. ginseng and P. quinquefolius with their tissue-specific to identify the key significant compounds. A typical cross-validation was employed to reckon the number of significant compounds. Permutation test was employed to calculate the validity of PLS-DA model against over-fitting, 999 times of permutation was employed in all models. Compounds with a variable influence on projection (VIP) value greater than 1.0 and a p-value below 0.05 were identified as potential biomarkers that could be obtained from the PLS-DA model. A heat map analysis was conducted with R (www.r-project.org/) to visualize the relationships and relative levels of metabolites.
Results
The total compounds identified in two species
The whole plants of the five-year old P. ginseng and P. quinquefolius were collected. The individual plant was separated into five different tissues, namely main roots, lateral roots, stems, petioles and leaves, respectively. We profiled the metabolites in polar extracts based on GC-and LC-MS methods. A total of 149 primary metabolites and 10 ginsenosides were detected in the abovementioned various tissues. These compounds, including 14 sugars, 39 acids, 14 alcohols, 29 amino acid, 24 unknown and 29 unclas- sified compounds, exhibited distinctive accumulation mode under tissue-and species-specific control (Table 1) .
The distinctive profiling of primary metabolites in the aboveand below-ground tissues
The PLS-DA analysis was used to profile the total 149 primary metabolites in the five tissues of P. ginseng and P. quinquefolius, respectively. These samples were clustered into separate groups ( Fig. 1) . A PLS-DA model was created with two principal components, which had explanation and predictability values of 79.1% in P. ginseng, and 69.4% in P. quinquefolius. A clear classification trend was observed between the up-and down-tissues for both species in the score plot (Fig. 1A) . The down-tissues (roots and lateral roots) were better separated in P. ginseng (Fig. 1A ) when compared to P. quinquefolius, where stems and leaves show only some separation. These potential marker compounds in different tissues can be examined in the loading plot of PLS-DA (Fig. 1B) . Based on their tissue-specific biosynthesis patterns, the main contributing factor could be clearly classified into two major clusters with five subclusters (Fig. 2) . Primary metabolites in cluster 1 showed higher levels in petioles and stems than other tissues and were mainly represented by acids and amino acids, including some of the major acids such as isocitrate, ketoglutarate and spermine and two major amino acids such as citruline and proline. Factors in cluster 2 were chiefly constituted of acids with higher accumulation measured in leaves of both species and petioles of P. ginseng, such as glucaric acid, cissinapic acid, acetimidic acid, propanedioic acid and fumaric acid. Major sugars (sucrose and glycerate-3-p) and acids (pyruvate and succinate) were tightly grouped in subcluster 3 and subcluster 4, respectively. These primary compounds displayed higher levels in down-tissues (roots and lateral roots) than those in the leaves, stems and petioles, suggesting the increased amount of sugars and acids synthesis in roots and lateral roots. The two acid belonging to cluster II (subcluster 5), however, stood away from other factors due to their tissues-specific biosynthesis in leaves and lateral roots of P. ginseng and P. quinquefolius, respectively.
The species-specific profiling of primary metabolites
The subsequent PLS-DA analysis of metabolites, the tissuesspecific accumulation mode of primary metabolites was largely perturbed between two species, allowing the disassociation of P. ginseng and P. quinquefolius in all tissues (see Supplementary  Fig. 1 ). The variable importance in the project (VIP) value on the first principal component was calculated to every variable, which reflected the direct relationship between variable and classification (same tissue with differential species). Totals of 11, 18, 8, 16 and 12 variables (p < 0.05, vip > 1) were selected as significant variance factors to separate main root, lateral root, stem, petiole and leaf between the P. ginseng and P. quinquefolius, respectively (Table 2 ). Compared to P. ginseng in lateral roots, P. quinquefolius had higher accumulation acids, including acetimidic acid, benzoate, isocitrate, benzoic acid, fumarate, oxalic acid and propanoic acid, and amino acids including tryptophan, citruline, histidine, Table 2 PLS-DA model parameters using all variables or selected metabolites with VIP > 1 and p < 0.05 potential biomarkers in P. ginseng and P. quinquefolius specific tissues. isoteucine, cystine and malic acid. Only dehydroascorbate, squalene, guanosine and hexacosane were significant accumulated in P. quinquefoliu, while glucaric acid, propanedioic acid, citrate, glutaric acid, raffinose, glutamic acid, and dl-glutamine were increased in P. ginseng main roots. The second significant difference was observed in petiole (16 significant factors). The largest number of up regulated changes occurs including sugar as glucose and unclassified as hexacosane in P. quinquefolius compared to P. ginseng. In leaves comprises factor that decrease in P. quinquefolius, which contains mostly sugar and amino acid such as sucrose, Dfructose, fructose and serine. Interestingly sighting is that not all classification of sugars and amino acids indicate an increase in P. quinquefolius, as can be found with ribose, l-valine and ornithine. In addition, one alcohol as galactinol has higher accumulation in P. quinquefolius compared to P. ginseng in leaves. However, stem were observed and only 8 metabolites were identified. Compared to P. ginseng, the role is inverted: propanoic acid and erythritol were the most important factors followed by hexacosane, glycerol and malic acid.
Comparative evaluation of different species based on LC-MS metabolite profiles
The content of 10 ginsenosides (Re, Rg1, Rf, Rb1, Rh1, Rc, Rb2, Rd, Rg3, and Rh2) were experimentally determined by an LC-MS platform and identified by comparing the spectrum of standard materials, retention times combined with their fragmentation patterns. To further clarify ginsenosides accumulation patterns during different tissues in both species, a total of 10 tissues/organs covering five years old of P. quinquefolius and P. ginseng were used, and the 10 major ginsenosides present in these tissues were quantified (Fig. 3A) . Re and Rb1 were accumulated at the level of 4.90 and 4.38 mg/g fresh weight (FW) in main roots, 3.46 and 2.45 mg/g FW in lateral roots of P. ginseng and P. quinquefolius, respectively, while only 0.05 and 0.0006 mg/g FW, 0.07 and 0.005 mg/g FW in leaves of P. ginseng and P. quinquefolius, respectively. P. ginseng and P. quinquefolius lateral roots contained the highest levels of most ginsenosides such as Rh1, Rg, Rc, Rg3 and Rh2, followed by main roots, stems and petioles. Leaves, however, displayed the lowest accumulation of most ginsenosides. In addition, higher amounts of Rb2 and Rg1 were accumulated in main roots of P. ginseng compared with P. quinquefolius. In addition, the "Q" score of the principal component is an indicator of a comprehensive, scientific evaluation of objective phenomenon, which has no practical significance. In Fig. 3B , the comprehensive PCA Q value results revealed that the overall accumulation of ginsenosides in different tissues followed a relatively stable distribution. The above-and belowground parts could be clearly differentiated. Leaves contained the lowest levels of ginsenosides, followed by stems and petioles. P. ginseng and P. quinquefolius tissues shared this uniform tendency that the ginsenosides in leaves had lower levels than in the petioles and stems. In contrast to the aboveground tissues in the belowground tissues (lateral roots and main roots) ginsenosides concentration in main roots is higher than their concentration in lateral roots in P. ginseng. However, in P. quinquefolius, enhance Q value which accumulate higher ginsenosides amounts in lateral roots than main roots.
An integrative analysis of primary metabolites and ginsenosides
Finally, the metabolic network in light of identified primary metabolites and ginsenosides was drawn up to reveal their tight interlink (Fig. 4) . The sugar level was universally higher in main roots than other observed tissues both in the P. ginseng and P. quinquefolius, including sucrose, fructose, mannose, myo-insitiol, fucose, glycerate, melezitose and galacturonate. In addition, coordinated increases in the content of Acetyl-CoA and citrate in the two species lateral roots was observed, while succinate accumulation decreased in lateral roots in P. ginseng and increased in main roots in P. quinquefolius. Other compounds like ketoglutarate, fumarate and isocitrate significantly increased in aboveground tissues in both species. Furthermore, induced accumulation of alcohols was indentified in stems of P. ginseng and P. quinquefolius including glycerol, mannitol and sorbitol. We constructed the primary compounds-toginsenoside accumulation interaction networks comprising a lager number of amino acids, sepermidine, serine, sperimine, proline, gaba and citruline, and other acids including dehydroascorbate, fumarate and gluconate, their level were increased in petioles at P. ginseng and P. quinquefolius. In response to leaves accumulation, the levels of 10 acids (such as gaba, aspatrate, uracil, isoleucine, methionine, arginine, alanine, gluconate, tryptophan and hisidine) were display in both species. The ginsenosides biosynthesis precursor mevalonate were accumulated in main roots in both species, squalene increased in main roots and petioles in P. quinquefolius and P. ginseng, respectively. In particular, the ginsensides protopanaxatriol (PPT) and protopanaxadiol (PPD) exhibited a similar higher increasing trend in both species main roots, followed by lateral roots, stems, petioles and leaves.
Discussion
In this study, we elucidated the tissue-specific composite metabolomes for the two classes of ginseng products. The untar- Fig. 3 . Distribution of ginsenosides accumulation in specific tissues of P. ginseng and P. quinquefolius, A. Heat map visualization of relative differences of ginsenosides in five tissues. Data of the content value of each compound were normalized to complete linkage hierarchical clustering. Each tissue type is visualized in a single colume and each metabolite is represented by a single row: MR/r main root, LR/lr lateral root, S/s stem, P/p petiole, L/l leaf. Red indicates high abundance, whereas low relative compounds are blue (color key scale above heat map). B. Ginsenosides accumulation score plot of PCA between P. ginseng and P. quinquefolius specific tissues. Data are presented three replicates.
geted metabolite profiles for the main roots, lateral roots, stems, petioles and leaves in the five-year-old P. ginseng and P. quinquefolius were examined using the GC-MS and LC-MS methods with multivariate analyses. The application of an untargeted and targeted metabolomics method allowed the identification of 149 primary compounds and 10 ginsenosides. This investigation offers a more integrative sight on the major pathways mutuality between primary and secondary compounds which may be take part in tissue-specific regulation, thereby providing a better understanding of tissues biochemistry. The metabolism analysis of both species displayed that ginseng products undergo various changes in primary and secondary metabolites in different tissues. The presence of primary compounds enabled us to separate between the different tissues of a given species, as proved by PLS-DA in which Fig. 4 . Visualization of primary and secondary metabolite dynamics in biochemical pathway map. Primary metabolism pathways are shown within the blue frame. MEP and MVP biosynthetic pathways are indicated in the red frame, whereas the ginsenosides pathway is shown in a green frame. Levels of primary metabolites and ginsenosides were averaged over 6 and 3 biological replicates after normalization. Within each box, rows represent species (upper row: P. ginseng; lower row: P. quinquefolius) and each column is a specific-tissue (from left to right: main root, MR; lateral root, LR; stem, S; petiole, P; leaf, L) as shown in the upper right corner. Average metabolite intensity is color key scale according the scale in the upper right corner.
the up-and down-tissues can be clearly distinguished and maximized the statistical separation with satisfactory goodness of fit values for the R 2 X = 0.922, R 2 Y = 0.750, and Q 2 = 0.737 in P. ginseng, and the R 2 X = 0.868, R 2 Y = 0.750, and Q 2 = 0.696 in P. quinquefolius, suggesting their high predictive accuracy. The levels of putative factors, distinguishing the differential tissues of two species, were discovered to either ascend or descend at specific tissues. Eighteen primary metabolites, including two sugars, three amino acids, eleven acids and two unknowns were significantly different between P. ginseng and P. quinquefolius tissues (Fig. 1B) . Thus, these compounds act as the best discriminating factors for tissue specificity in both species. Since the primary compounds have different roles in different tissues [24] , this may be the main cause that ginsenosides have different significant accumulation in a tissuespecific way (Fig. 3) . It was reported that Rf is the specific marker compound in roots for distinguishing P. ginseng and P. quinquefolius, respectively [25, 26] . In the present study, Rf was detected with extremely low level in all P. ginseng and P. quinquefolius tissues (Fig. 3A) . Thus, Rf is proposed not to be a particular compound for discriminating leaves [27] and other tissues of P. ginseng from that of P. quinquefolius. In addition, PPT and PPD were found to be largely accumulated in P. ginseng and P. quinquefolius, respectively, which were used as marker metabolites for differentiating P. ginseng from P. quinquefolius [28] . However, from our results, we suggest potential markers (PPT and PPD) that can distinguish genus Panax species and different tissues (Fig. 3) .
C metabolism, such as sugar metabolism, glycolysis, TCA cycle and shikimate-phenylpropanoid metabolism, are responsible for the production of accessible energy, resistant metabolites and carbon skeletons for plant life activities during growth and development [29] . C metabolism is closely related to plant growth and senescence, and it can include C assimilation, C transformation and accumulation among various plant physiological processes [30] . Fructose, one key components of reducing monosaccharides, is the degradation products of sucrose. Significant accumulate in fructose was observed in main roots both of P. ginseng and P. quinquefolius, indicating that the shift from C assimilation to accumulation occurred mainly in main roots. Sucrose is used as a transport sugar for entry into glycolysis and the TCA cycle for the production of ATP and NADH [31] . Therefore, the high levels of sucrose observed in main root of both species might reflect a high C-skeleton demands in roots. In addition, sucrose levels in roots were largely speciesspecific and can be considered as a good discriminate for two species (Figs. 1 and 2 ). Increased levels of sugars, alcohols and erythritols, derived from the pentosephosphate (PPP) pathway, were also observed in leaves, likely reflecting the higher respiratory rate of the PPP pathway in plants. Mannitol displayed remarkable accumulation in stems in two species (Fig. 4) and this might suggest that the polysaccharides of the plant cell wall are rapidly decomposed to produce smaller sugar molecules to protect the cell membrane and plant proteins from high temperature or drought stress damage at plant growth stage. Energy metabolisms, principally including glycolysis and the TCA cycle, generate massive amounts of energy compounds and precursors for various plant physiological processes through the oxidative decomposition of carbohydrates using a series of enzymes in the plant cell [32] . It was observed that a high number of the intermediates of central carbon metabolism, such as glycolysis and TCA cycle, were present in lateral roots in both species. This event is associated with decreases in energy consumption and transformation rates from C metabolism to N metabolism [33] and we proposed that the increased N metabolism likely associated with ginsenosides synthesis in lateral roots. Glycerate-3-P and Acetyl-CoA are particular precursors to generate numerous antioxidants [34] , such as flavonoids, phenols and ginsenosides. The accumulation of these precursors in lateral roots in both plants could be closely associated with the high levels of ginsenosides within the five-year-old plants. However, phenylalanine and tryptophan as other defense-related metabolites precursors [30] , which are from shikimate-phenylpropanoid metabolism, were accumulated in high amounts in P. ginseng and P. quinquefolius leaves, respectively.
These results showed that the high rate of PPP metabolism and energy metabolism in both main and lateral roots provides sufficient C-skeletons and energy for plant physiological metabolism and ginsenosides synthesis in a tissue-specific way. Furthermore, the metabolic shift from C assimilation to C accumulation were closely associated with ginsenosides accumulation in different tissues, namely in main roots for P. ginseng and lateral roots for P. quinquefolius, this likely reflected the species-specific diversity and might also be an important factor that underlies the metabolic differences observed between the two species at the same growth stage. The high levels of erythritol (intermediates of PPP metabolism), phenylalanine and tryptophan (downstream shikimate-phenylpropanoid pathway compounds) were in the same trend in P. ginseng and P. quinquefolius leaves, suggesting that the respiration-related PPP pathway is enhanced in both plants. Besides, in plants, 3-hydroxy-3-methylglutaryl-CoA reductase (HMGR) acts as the first rate-limiting enzyme of the MVA pathway and plays a key role for in triterpene ginsenosides biosynthesis [35] . Its expression is modified at the transcriptional and post-translational level, such as mediated by PRL1 (Pleiotropic Regulatory Locus1), light-induced proteolytic degradation and reverse regulation by PP2A (Protein Phosphatase 2A) [36] . Since PRL1 is involved in stress, sugar and phytohormone response, it is probably that the HMGR expression is induced by phytohormone, sugar and stress response. Additionally, pathways of MVA and MEP have been displayed to be associated with sugar and phytohormone molecules through the universal regulator PRL1 [37] . Finally, these pathways are generated from primary metabolites, including pyruvate, Acetyl-CoA and glucerate-3-P [38] , suggesting that MVA and MEP pathways act as key interface between primary metabolites and ginsenosides accumulation.
N metabolisms (e.g., amino acid metabolism, polyamine metabolism, the urea cycle and nucleotide metabolism), are basic physiological mechanisms for the synthesis and decomposition of nitrogenous compounds in plants [39] . Amino acids, as important energy metabolites and synthetic precursors of various bioactive molecules, are divided into aromatic, aliphatic and heterocyclic amino acids based on their chemical structures. Serine and glycine are important photorespiration products, which provide one carbon units that participate in various metabolic pathways, such as nucleic acid metabolism, polyamine metabolism and betaine synthesis, through glycine decarboxylase and serin hydroxymethyltransferase [40] . Notably, the higher serine level in upper ground tissues, leaves and petioles, could be attributed to their higher rates of photorespiration. However, glycine mostly accumulated in their lateral roots indicate that it is possible more conducive to ginsenosides synthesis. Additionally, a greater abundance of photorespiration-associated intermediates of nucleoside metabolism (uracil), polyamine metabolism (spermidine, spermine and arginine) and the urea cycle (citruline) were observed in P. ginseng and P. quinquefolius leaves and petioles, suggesting that higher photorespiration rates enhance the one-carbon unit flux to N metabolism in both plants. These results show that almost all of N metabolisms that occurred in both plants aboveground tissues, such as petioles and leaves, provide sufficient photorespiration. Further, these results indicate that aboveground tissues accumulated ginsenosides less than belowground ones in different species. Significant differences in the nitrogen metabolism between the two ginseng plants grown in different specific tissues might also be a key factor to distinguish between over-and below-ground tissues during the same plant growth stage.
Conclusion
In the economically important genus Panax (P. ginseng and P. quinquefolius), tissue-specific constitute comprehensive steps of reprogramming of C-and N-metabolites (upstream compound), ginsenoside accumulation and their metabolomic correlation. The complicated metabolic pattern was concerned with two planting districts over various physiological stages of tissue-specific from main roots, lateral roots, stems, petioles and leaves within the five years old two species of Panax. Significant correlations between the primary and secondary metabolites were observed; especially the links in metabolic changes of C and N metabolism pools in both plants tightly associated with tissue-specific and different species to physiological processes were comprehensively investigated. A comparison of ginseng plants species P. ginseng and P. quinquefolius displayed that both plants exhibit higher rates of photosynthesis, photorespiration and respiration to supply sufficient energy and C-skeletons for the biosynthesis of ginsenosides, and almost N metabolism occurring in overground tissues. Network analysis clearly illuminated that the network relate to primary and secondary compounds recline on tissue-specific and species type, indicating differences in compound regulation between P. ginseng and P. quinquefolius. Furthermore, It represents a better approach to exhibit the consociation between C-and N-metabolites and ginsenosides accumulation during tissue-specific of different Panax specise and for identifying potential biologically relevant compounds.
